The gl8 gene is required for the normal accumulation of cuticular waxes on maize (Zea mays) seedling leaves. The predicted GL8 protein exhibits significant sequence similarity to a class of enzymes that catalyze the reduction of a ketone group to a hydroxyl group. Polyclonal antibodies raised against the recombinant Escherichia coli-expressed GL8 protein were used to investigate the function of this protein in planta. Subcellular fractionation experiments indicate that the GL8 protein is associated with the endoplasmic reticulum membranes. Furthermore, polyclonal antibodies raised against the partially purified leek (Allium porrum) microsomal acyl-coenzyme A (CoA) elongase can react with the E. coli-expressed GL8 protein.
The gl8 gene is required for the normal accumulation of cuticular waxes on maize (Zea mays) seedling leaves. The predicted GL8 protein exhibits significant sequence similarity to a class of enzymes that catalyze the reduction of a ketone group to a hydroxyl group. Polyclonal antibodies raised against the recombinant Escherichia coli-expressed GL8 protein were used to investigate the function of this protein in planta. Subcellular fractionation experiments indicate that the GL8 protein is associated with the endoplasmic reticulum membranes. Furthermore, polyclonal antibodies raised against the partially purified leek (Allium porrum) microsomal acyl-coenzyme A (CoA) elongase can react with the E. coli-expressed GL8 protein.
In addition, anti-GL8 immunoglobulin G inhibited the in vitro elongation of stearoyl-CoA by leek and maize microsomal acyl-CoA elongase. In combination, these findings indicate that the GL8 protein is a component of the acyl-CoA elongase. In addition, the finding that anti-GL8 immunoglobulin G did not significantly inhibit the 3-ketoacyl-CoA synthase, 3-ketoacyl-CoA dehydrase, and (E) 2,3-enoyl-CoA reductase partial reactions of leek or maize acyl-CoA elongase lends further support to our previous hypothesis that the GL8 protein functions as a ␤-ketoacyl reductase during the elongation of very long-chain fatty acids required for the production of cuticular waxes.
Cuticular waxes are complex mixtures of very long-chain fatty acids (VLCFAs; ϾC18) and derivatives such as hydrocarbons, alcohols, aldehydes, ketones, and esters (Tulloch, 1976; Walton, 1990) . These cuticle components are synthesized by plant epidermal cells (Kolattukudy, 1968; Kolattukudy and Buckner, 1972; Lessire, 1974, 1978) . Although the processes by which VLCFAs are biosynthesized in higher plants are largely unknown, it has been proposed that the elongation of fatty acids occurs in a manner analogous to that involved in de novo fatty acid biosynthesis (Stumpf, 1984; von Wettstein-Knowles, 1995) . De novo fatty acid biosynthesis is performed by fatty acid synthase, which, in plants, is a collection of four distinct enzymes that catalyze four sequential reactions: condensation, reduction, dehydration, and a second reduction. These reactions occur in the stroma of plastids and are catalyzed by soluble enzymes that, in a cyclic manner, add two carbons from malonyl-acyl carrier protein (ACP) to a growing acyl chains that are covalently bound to the prosthetic group of ACP (for review, see Ohlrogge and Jaworski, 1997) .
In contrast to the involvement of ACP in de novo fatty acid synthesis, VLCFA biosynthesis involves the addition of two carbon atoms from malonylcoenzyme A (CoA) to a growing acyl-CoA chain. In addition, whereas fatty acid synthase occurs in the plastid stroma and is catalyzed by soluble enzymes, VLCFA biosynthesis occurs in the cytoplasm and is catalyzed by enzymes associated with the endoplasmic reticulum (ER) membranes (Cassagne and Lessire, 1978; Agrawal et al., 1984; Post-Beittenmiller, 1996) . These enzymes are collectively referred to as the acyl-CoA elongase. Acyl-CoA elongases have been partially purified from various plants, including leek (Allium porrum), Lunaria annua, Sinapis alba, Limnanthes alba, and oilseed rape (Brassica napus; for review, see Harwood, 1988) . SDS-PAGE of partially purified leek acyl-CoA elongases reveals that they are composed of several protein components (Bessoule et al., 1989) . Hence, it is thought that the acyl-CoA elongase is a complex of several enzymes that have distinct functions, but that collectively catalyze acyl elongation.
Experimental evidence has been accumulating over the past decade to support this hypothesis (for review, see von Wettstein-Knowles, 1987; PostBeittenmiller, 1996) . One line of evidence came from the identification of intermediates during acyl-CoA elongation in leek epidermal cells (Lessire et al., 1989 (Lessire et al., , 1999 . In addition, a 57-kD protein has been purified and cloned from jojoba (Simmondsia Chinensis) that has ketoacyl-CoA synthase activity and that can generate ␤-ketoacyl-CoA (Lassner et al., 1996) . Additional evidence comes from the recent cloning of several Arabidopsis genes that encode ketoacyl-CoA synthases involved in the elongation of the fatty acids. These include FAE1, KCS1, and CUT1. Mutations in FAE1 specifically inhibit the accumulation of VLCFAs in seeds (James et al., 1995) , whereas mutations in KCS1 (Todd et al., 1999) and CUT1 (Millar et al., 1999; Fiebig et al., 2000) affect the accumulation of VLCFAs associated with cuticular waxes.
Here, we report evidence that the maize (Zea mays) gl8 gene encodes the ␤-ketoacyl-CoA reductase of the acyl-CoA elongase. Sequence analysis of the cloned gl8 gene from maize reveals that it encodes a protein with significant amino acid similarity with a large family of keto reductases (Xu et al., 1997) . Mutants of gl8 accumulate reduced amounts of cuticular waxes on seedling leaves. In addition, the chain lengths of those acyl derivatives that do accumulate are reduced relative to the wax of wild-type seedlings (Bianchi et al., 1979; Avato et al., 1987) . Therefore, it was hypothesized that the maize gl8 gene encodes the ␤-ketoacyl-CoA reductase involved in the biosynthesis of the VLCFA required for the production of cuticular waxes (Xu et al., 1997) . Here, subcellular fractionation studies have been performed, and they demonstrate that GL8 localizes to the ER. In addition, immunoinhibition of leek and maize acyl-CoA elongase activity by anti-GL8 immunoglobulin G (IgG) demonstrate that GL8 is a component of acyl-CoA elongase and provides strong evidence to support GL8 as the ␤-ketoacyl-CoA reductase of acyl-CoA elongase.
RESULTS

Characterization of the GL8 Protein in Maize
Antibodies are very convenient reagents for detecting and characterizing the function of a specific gene product. Therefore, to begin the characterization of the biochemical function of the gl8 gene, the GL8 protein was first expressed in Escherichia coli, and the resulting recombinant protein was used as the antigen for immunizing rabbits to generate GL8 antibodies. The 0.8-kb partial gl8 cDNA described by Xu et al. (1997) was cloned in-frame into the pET-30c expression vector (Novagen, Madison, WI) to generate pR8. A second construct containing only the C-terminal coding region from the 0.8-kb gl8 cDNA was cloned in-frame into the pET-30b expression vector (Novagen) to generate pCT. The proteins expressed by pR8 and pCT are expected to contain 167 amino acids and 77 amino acids, respectively, of GL8 protein fused at the N terminus to S-and His-tags from the expression vectors. The predicted sizes of the fusion proteins expressed by pR8 and pCT are 24 and 15 kD, respectively. Figure 1A shows that E. coli BL21(DE3) that harbors pCT and has been induced with IPTG accumulates a prominent protein with the expected size of the GL8 fusion protein (15 kD). The identity of this protein was confirmed by western blotting using the S-protein alkaline phosphatase conjugate that detects the S-tag fused to the N terminus of the pCT protein (Fig. 1B) . Similar analyses confirmed the size and identity of the pR8-expressed protein (data not shown).
The partial GL8 proteins expressed from pR8 and pCT were purified and injected into rabbits to generate polyclonal antibodies (see "Materials and Methods"). The serum from the rabbit challenged with the pCT-derived protein had a higher titer than that obtained with the pR8 construct and, therefore, was used for further experiments. The GL8 anti-serum was affinity purified as described in "Materials and Methods," and was found to be able to immunologically detect the pCT-and pR8-derived GL8-expressed proteins (data not shown). To assess the subcellular localization of the GL8 protein in maize leaf cells, cellular membranes were separated by differential centrifugation. Figure 2 reveals that the affinity-purified GL8 antibody detects a protein in the microsomal-enriched fraction, and that this protein is absent from chloroplast-and mitochondria-enriched membrane fractions and from the 100,000g supernatant. This immunologically detected protein is approximately 32 kD, the expected size of the mature GL8 protein after the cleavage of the predicted N-terminal signal peptide (Xu et al., 1997) . The inability to immunologically detect the GL8 protein in unfractionated seedling leaf extract probably reflects its low abundance. The preimmune serum does not detect any proteins on western blots (data not shown).
Because differential centrifugation of the postmitochondrial supernatant at 100,000g was used to isolate the microsomal fraction, this fraction is a mixture of small ER vesicles and other membranous material derived from the Golgi apparatus (GA), tonoplast (TN), and plasma membrane (PM; Lord, 1987) . To localize the GL8 protein among these different membranes, each membrane fraction was purified and immunologically analyzed for the presence of the GL8 protein. The PM-enriched fraction was purified via a two-phase system as described in "Materials and Methods." The ER membrane-enriched fraction was purified from the fraction remaining after the PM fraction was removed from the microsomal fraction. As shown in Figure 3A , the GL8 protein was immunologically detected in the ER-enriched fraction and the microsomal fraction following the removal of the PM, but was not detectable in the PMenriched fraction. The identities and purities of these membrane fractions were determined by assaying for stereospecific NADH-ferricyanide reductase (Fredlund et al., 1996) . The ER contains only the ␣-specific NADH-ferricyanide reductase, whereas the PM contains only the ␤-specific NADH-ferricyanide reductase. These enzyme activities were measured by monitoring the release of tritium (in separate reactions) from the ␣ and ␤ positions of the nicotinamide ring of NADH into the aqueous assay medium. Following each assay, the tritium associated with NADH was separated from that released into the assay medium by gel filtration chromatography. Fractions were collected, and the A 340 and the radioactivity associated with each fraction was determined. As judged by the A 340 profile, NADH was consistently eluted in fraction four from the ER-and PM-derived experiments (Fig. 3 , B and C, respectively). When [4␣-3 H]NADH was incubated with the ER-enriched membrane fraction, tritium was recovered in fraction seven, which contains tritium released from NADH. In contrast, when [4␤-3 H]NADH was used as the substrate, the highest level of tritium was recovered in fraction four, coeluting with NADH (Fig. 3D) . These results indicate that the ER-enriched fraction contains the ␣-specific but not the ␤-specific NADH-ferricyanide reductase activity. Hence, the ER-enriched fraction is not contaminated at a detectable level with the PM. 3E ). Hence, the PM-enriched fraction contains the ␤-specific but not the ␣-specific NADH-ferricyanide reductase activity. These results establish that the PM-enriched fraction is not contaminated with the ER at a detectable level.
A GA-enriched fraction was purified from the microsomal fraction as described in "Materials and Methods." A fraction containing the remaining intracellular membranes (including the ER) was also recovered. As shown in Figure 4A , the GL8 protein was immunologically detected in the ER-enriched fraction and the microsomal fraction after the removal of the GA, but not in the GA-enriched fraction. The enzyme marker IDPase was used to assay the identity and purity of the GA-enriched fraction. As shown in Figure 4B , the GA-enriched fraction has much higher IDPase activity as compared with the remaining membrane fractions, indicating that the ER fraction is relatively free of GA contamination.
A TN-enriched fraction was purified from the microsomal fraction as described in "Materials and Methods." The remaining intracellular membranes were also recovered. As shown in Figure 5A , the GL8 protein was immunologically detected in the ERenriched fraction and the microsomal fraction after the removal of the TN, but not in the TN-enriched fraction. The nitrate-sensitive Mg 2ϩ -dependant ATPase was used as an enzyme marker to assay the identity and purity of the TN-enriched fraction. The TNenriched fraction has substantially more ATPase activity than the other two membrane fractions. The addition of nitrate led to a substantially greater reduction in ATPase activity in the TN-enriched fraction than in the other membrane fractions. This result confirms the identity of the TN-enriched fraction and establishes that there is little TN contamination in the ER fraction.
The GL8 Protein Is a Component of Acyl-CoA Elongase
Antibodies raised against the leek epidermis acylCoA elongase complex (Bessoule et al., 1989 (Bessoule et al., , 1992 detect the recombinant GL8 protein expressed from the pCT construct (Fig. 6) . Similar results were obtained with the protein expressed from the pR8 construct (data not shown). The finding that the leek acyl-CoA elongase complex antibodies can interact with the GL8 protein provides a strong indication that this protein is one of the components of the acyl-CoA elongase complex.
This hypothesis was tested by determining the effects of GL8 antibodies on acyl-CoA elongase activity. The effects of the anti-GL8 IgG on stearoyl-CoA elongase activity in microsomal fractions isolated from etiolated leek and maize seedlings was assayed by comparing the stearoyl-CoA-dependent in vitro incorporation of [2-
14 C]malonyl-CoA into fatty acids after incubation of leek or maize microsomal fractions with the preimmune IgG or the anti-GL8 IgG fraction. Following incubation of the microsomal fraction with control preimmune IgG, stearoyl-CoA elongase activity was 3.4 Ϯ 0.4 and 0.73 Ϯ 0.05 nmol mg Ϫ1 h Ϫ1 for leek and maize, respectively. However, following incubation with anti-GL8 IgG, the stearoylCoA elongase activity was inhibited by at least 40% of the control levels in the leek and maize microsomal fractions (Tables I and II) .
Acyl-CoA elongation is thought to be achieved by a complex of proteins with four separate enzymatic activities. These include 3-ketoacyl-CoA synthase, 3-ketoacyl-CoA reductase, 3-hydroxyacyl-CoA dehydrase, and (E) 2,3 enoyl-CoA reductase activities. The effect of anti-GL8 antibodies on three of these activities [3-ketoacyl-CoA synthase, 3-hydroxyacyl-CoA dehydrase, and (E) 2,3 enoyl-CoA reductase] was determined individually. 3-Ketoacyl-CoA synthase activity was determined by an assay analogous to the stearoyl-CoA elongase assay, but in the absence of reducing reagents (NADH and NADPH). In the absence of these reducing agents, the elongation of stearoyl-CoA proceeds only to the 3-ketoacyl-CoA intermediate, and cannot proceed further. The product of this reaction, 3-ketoicosanyl-CoA, is chemically unstable, and was recovered after processing of the reaction products as the methylketone, nonadecan- All enzymatic activities were measured using linear standard conditions. The stearoyl-CoA elongase activity was expressed as nanomoles per milligram per hour, the synthase as nanomoles per milligram per 15 min, and the dehydrase and reductase as nanomoles per milligram per 30 min. IgG and microsomal proteins were mixed in a ratio of 2:1. The numbers of independent experiments performed are indicated in parentheses; in each experiment, assays were performed in triplicate. All enzymatic activities were measured using linear standard conditions. The stearoyl-CoA elongase activity was expressed as nanomoles per milligram per hour, the synthase as nanomoles per milligrams per 15 min, and the dehydrase and reductase as nanomoles per milligram per 30 min. IgG and microsomal proteins were mixed in a ratio of 2:1. The numbers of independent experiments performed are indicated in parentheses; in each experiment, assays were performed in triplicate. one. Thus, the 3-ketoacyl-CoA synthase activity was measured as the rate of stearoyl-CoA-dependent incorporation of radioactivity from [2-14 C]malonylCoA into nonadecanone. When the reaction was conducted after incubation of the elongase-containing microsomes with preimmune IgG or anti-GL8 IgG, 3-ketoacyl-CoA synthase activity was inhibited by only 9.4% (Table I ) and 6.7% (Table II) in leek and maize, respectively.
3-Hydroxyacyl-CoA dehydrase activity was determined as the conversion of [1-14 C]3-hydroxyeicosanoyl-CoA to icosenoyl-CoA, which was recovered following saponification and separation by thinlayer chromatography (TLC) as the free unsaturated acid. Relative to the effect of incubating elongasecontaining microsomes with control preimmune IgG, anti-GL8 IgG inhibited the leek and maize dehydrase activities by only 12% (Table I ) and 2% (Table II) , respectively. The effect of the anti-GL8 antibodies on (E) 2,3 enoyl-CoA reductase activity was also determined. This activity was measured as the conversion of [1-
14 C](E)-2,3-eicosenoyl-CoA to icosanoyl-CoA, which was recovered following saponification and separation by TLC as the free fatty acid. In these experiments, anti-GL8 IgG caused 14% inhibition of this activity in leek microsomes (Table I ) and 4% inhibition in maize microsomes (Table II) .
Because of the chemical instability of 3-ketoacyl derivatives, it was not possible to directly measure 3-ketoacyl-CoA reductase. However, based on the sequence similarity between the GL8 protein and ketoacyl reductases and the observation that anti-GL8 antibodies inhibited the overall elongase activity of leek and maize microsomal extracts by at least 40%, and yet inhibited the 3-ketoacyl-CoA synthase, 3-hydroxy acyl-CoA dehydrase, and (E) 2,3 enoylCoA reductase activities by 14% or less, it is reasonable to consider that the primary target of the anti-GL8 antibodies is the 3-ketoacyl-CoA reductase component of the acyl-CoA elongase.
DISCUSSION
Polyclonal antibodies generated against the maize GL8 protein were used to experimentally confirm the sequence-based prediction that this protein is membrane associated. Specifically, differential centrifugation of cellular membranes of maize seedlings indicates that the GL8 protein is entirely recovered in the microsomal membrane fraction. Further fractionation of the microsomal membranes clearly indicates that the GL8 protein is not associated with PM, GA, or TN fractions, but that it is associated with the ER membranes. This finding is consistent with the role of GL8 as a component of acyl-CoA elongase because studies in leek and other species have demonstrated that elongase activity is associated with the ER fraction (Agrawal et al., 1984; Lessire et al., 1985a Lessire et al., , 1985b Lessire et al., , 1985c Lessire et al., , 1989 ).
The experimental finding that the GL8 protein is associated with the ER is in contradiction to earlier computational predictions generated by the PSORT algorithm (Nakai and Kanehisa, 1992) , which suggested that the GL8 protein is associated with the PM. The PSORT algorithm predicts that GL8 contains an N-terminal 29-amino acid signal peptide, which targets this protein to the ER, but because the GL8 protein does not contain any of the known ER retention consensus signals, the protein was predicted to be associate with the PM. The discrepancy between the computational prediction and the experimental findings may be explained by reports that demonstrate that Lys residues at position Ϫ3 and Ϫ4 or Ϫ3 and Ϫ5 can serve as ER retention and retrieval signals for ER proteins (Jackson et al., 1990; Andersson et al., 1999) . Therefore, the Lys-rich C terminus of GL8 (ϪKKKAL) is likely an effective signal for ER retention.
ER-associated fatty acid elongases from maize and leek utilized stearoyl-CoA as elongation primers (Cassagne and Lessire, 1978; Lessire, et al., 1982) . The stearoyl-CoA elongase activity involves four separate reactions: 3-ketoacyl-CoA synthase, 3-ketoacyl-CoA reductase, 3-hydroxyacyl-CoA dehydrase, and (E) 2,3 enoyl-CoA reductase. It has been proposed that the gl8 gene encodes the 3-ketoacyl-CoA reductase associated with the stearoyl-CoA elongase activity. The ability of antibodies raised against a partially purified acyl-CoA elongase from leek to react with the E. coli-expressed GL8 protein indicates that GL8 is a component of acyl-CoA elongase. To further demonstrate this, antibodies raised against the maize GL8 protein were tested for their ability to inhibit the in vitro stearoyl-CoA elongase activity that has been previously characterized for leek microsomal fractions (Lessire et al., 1999) . The maize GL8 antibody was able to inhibit the elongation of stearoyl-CoA by leek and maize microsomal extracts by at least 40%. These data provide strong evidence that GL8 is a component of the acyl-CoA elongase.
Support for the hypothesis that GL8 encodes the 3-ketoacyl reductase component of the elongase complex was obtained by measuring the immunoinhibitions of three component reactions from the elongase complex, 3-ketoacyl-CoA synthase, 3-hydroxy acylCoA dehydrase, and 2,3 enoyl-CoA reductase. It is unfortunate that it was not possible to directly measure the immunoinhibition of 3-ketoacyl-CoA reductase, the predicted GL8 enzymatic function, due to the extreme instability of the substrate (3-ketoacylCoA) for this enzyme. However, because anti-GL8 antibodies immunoinhibited elongase activity by at least 40%, whereas inhibition of the other three component activities was 14% or less, it is compelling to conclude that the 3-ketoacyl-CoA reductase is the primary target for the anti-GL8 IgG inhibition. Hence, these data, in combination with the sequence of the GL8 protein and its localization to the ER, provide convincing evidence to support the hypothesis that GL8 is the ␤-ketoacyl reductase component of acyl-CoA elongase.
MATERIALS AND METHODS
Plant Materials
Maize (Zea mays) seedling leaves (inbred line B73) were harvested at the two-leaf stage after being grown for 10 d in a greenhouse sand bench. Leek (Allium porrum) seeds, stored overnight at 4°C, were surface sterilized with sodium hypochlorite in the presence of Triton X-100 for 2 min and were then washed with distilled water. Sterilized seeds were germinated and grown for 7 d in the dark.
Preparation of Membrane Fractions
Maize membrane fractions were prepared as described by Walker et al. (1987) and Douce et al. (1987) with minor modifications. All steps were performed at 4°C. In brief, seedling leaves were pulverized in liquid N 2 and were further homogenized in extraction buffer (50 mm Tris HCl, pH 8.0, 1 mm EDTA, 10% [w/v] Suc, 40 mm 2-mercaptoethanol, and 1 mm phenylmethylsulfonyl fluoride). The homogenate was filtered through four layers of cheesecloth and was centrifuged at 10,000g for 10 min to pellet chloroplastderived membranes. The resulting supernatant was centrifuged at 20,000g for 30 min to pellet the mitochondrial membranes. The resulting supernatant was centrifuged at 100,000g for 1 h to pellet the microsomal fraction. The remaining supernatant was retained as the soluble fraction.
A high-purity PM fraction was prepared using an aqueous Dextran-polyethylene glycol two-phase system (Larsson et al., 1987) . The microsomal fraction was suspended in 10 mL of suspension buffer (0.33 m Suc, 3 mm KCl, and 5 mm potassium phosphate, pH 7.8). Nine grams of this suspension was mixed with 27.0 g of the phase mixture (11.2 g of 20% [w/v] Dextran T-500, 5.58 g of 40% [w/v] polyethylene glycol 3350, 3.05 g of Suc, 0.675 mL of 0.2 m potassium phosphate, pH 7.8, and 0.041 mL of 2 m KCl, plus distilled water to a final weight of 27.0 g). This twophase mixture was mixed thoroughly and was separated by centrifugation at 1,500g for 5 min. The upper phase was recovered and subjected to two additional phase partitions. The final upper phase, enriched for the PM fraction (Larsson et al., 1987) , was diluted with two volumes of suspension buffer and was centrifuged at 100,000g for 30 min to pellet the PMs.
The procedure for the isolation of ER membranes was modified from that of Lord (1987) . The lower phase recovered from the PM isolation procedure was diluted at least 10-fold with the suspension buffer and was subjected to centrifugation at 100,000g for 30 min. The pellet was resuspended in 150 mm Tricine, pH 7.5, 10 mm KCl, 1 mm EDTA, pH 7.5, 1 mm MgCl2, and 12% (w/w) Suc. This suspension was layered onto a continuous Suc density gradient. This gradient consisted of 25 mL of Suc solution increasing linearly in concentration from 30% to 60% (w/w) Suc, with a 5-mL layer of 20% (w/w) Suc on top and a 2-mL cushion of 60% (w/w) Suc on the bottom. All of the Suc solutions contained 1 mm EDTA, pH 7.5. The gradient was centrifuged at 83,000g for 3 h. The interface below the 20% (w/w) Suc layer was rescued as the ER-enriched fraction.
The procedure for the isolation of the GA was modified from that of Green (1983) . The microsomal fraction was layered over a discontinuous Suc gradient consisting of 7 mL of 1.6 m Suc layered over 7 mL of 1.8 m Suc and was centrifuged at 30,000g for 30 min. Immediately after the centrifugation, the layer above the 1.6 m Suc pad was collected as the microsomal fraction without GA and was pelleted by centrifugation at 100,000g for 1 h. Meanwhile, 7-mL aliquots of the 1.5, 1.25, and 0.5 m Suc solutions were layered on top of the interface above the 1.6 m Suc layer, and the gradient was centrifuged at 100,000g for 3 h. The interface that formed between the 0.5 and 1.25 m Suc layers and between the 1.25 and 1.5 m Suc layers were collected and pooled, diluted with 0.2 m Suc, and pelleted by centrifugation at 100,000g for 1 h. The resulting pellet was recovered as the GA-enriched fraction.
A TN-enriched fraction was purified from the microsomal fraction via the method of Jacoby (1987) . The microsomal pellet was washed with washing buffer (0.25 m Suc, 2 mm dithiothreitol [DTT], 5 mm Tris/MES [2-(Nmorpholino)-ethanesulfonic acid], pH 6.5, and 500 mm KI), and the pellet was resuspended in 0.25 m Suc, 2 mm DTT, and 5 mm Tris/MES, pH 6.5, and loaded on a discontinuous Suc gradient with 10% and 23% (w/v) Suc layers. Following centrifugation at 100,000g for 2 h, the TNenriched fraction was recovered from the interface between the 10% and 23% (w/v) Suc layers.
Leek microsomal fractions were prepared by homogenizing 5 to 8 g of 7-d-old etiolated leek seedlings in a mortar with 50 mL of 0.08 m HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid] buffer (pH 7.2) containing 10 mm 2-mercaptoethanol and 0.32 m Suc. The homogenate was then filtered through two layers of cheesecloth and was centrifuged at 3,000g for 5 min. The supernatant was centrifuged at 12,000g for 20 min. The resulting pellet was discarded and the supernatant was centrifuged at 189,000g for 15 min. The microsomal pellet was resuspended in 2 mL of 0.08 m HEPES buffer (pH 6.8) containing 10 mm 2-mercaptoethanol.
Protein concentrations were determined via the method of Bradford (1976) by using the Bio-Rad Protein Assay kit (Hercules, CA).
Enzyme Assays
Two NADH-ferricyanide reductases with different stereospecificities for the ␣-hydrogen and the ␤-hydrogen atoms on the nicotinamide ring of NADH were used as enzyme markers for the ER and PM. The stereospecificities of the NADH-ferricyanide reductase activities obtained from the different membrane fractions were assayed as described by Fredlund et al. (1996) (200 g) from the indicated membrane fraction, followed by incubation at room temperature for 10 min, and the reaction was stopped by boiling for 2 min. After adding unlabeled NADH to a final concentration of 0.5 mm, an aliquot was subjected to gel filtration chromatography through a 9-mL Sephadex G-10 column and was eluted with 50 mm MOPS, pH 7.2. The radioactivity in each 1-mL elution fraction was determined by liquid scintillation counting. The presence of NADH in the fractions was monitored by A 340 .
[ (Fredlund et al., 1996) . The H ϩ donors for the two reactions were Glc-6-P and ethanol, respectively.
IDPase was used as an enzyme marker for the GAenriched fraction (Green, 1983) . The reaction was started by the addition of the membrane suspension to the reaction buffer (5 mm IDP, 1 mm MgCl 2 , and 50 mm Tris, pH 7.5, with or without 0.1% [v/v] Triton X-100), it incubated at 37°C for 60 min, and the reaction was stopped with the addition of cold 12.5% (w/v) trichloroacetic acid. Released phosphate was measured by the method of Taussky and Shorr (1953) . In brief, the concentration of phosphate was determined by A 720 in ferrous sulfate-ammonium molybdate reagent (100 mL of solution freshly prepared with 1 g of ammonium molybdate, 10 mL of 10 n sulfuric acid, and 5 g of FeSO 4 7H 2 O) and was compared with concentration standards.
Nitrate-sensitive Mg 2ϩ -ATPase was used as an enzyme marker for the TN (Jacoby, 1987) . The reaction was started by the addition of a membrane aliquot to the reaction buffer (30 mm Tris/MES, pH 8.0, 50 mm KCl, 3 mm Tris/ ATP, 3 mm MgSO 4 , 0.1 mm vanadate, 0.5 mm azide, and 0.1 mm ammonium molybdate) in the presence or absence of 20 mm KNO 3 . Following incubation at 37°C for 60 min, the reaction was stopped by the addition of cold 12.5% (w/v) trichloroacetic acid. The amount of released phosphate was determined by the method of Taussky and Shorr (1953) .
Stearoyl-CoA elongase activity was assayed by mixing 60 g of microsomal proteins in a 0.08 m HEPES buffer (pH 7.2) with 0.5 mm NADPH, 0.5 mm NADH, 2 mm DTT, 1 mm MgCl 2 , 9 m acyl-CoA, and 17 m [2-14 C] malonyl-CoA (Lessire et al., 1999) . The reaction mixture (0.1 mL) was incubated at 30°C for 1 h. Then, 100 L of 5 n KOH and 10% (w/v) methanol were added, and the lipids were saponified for 1 h at 70°C. After acidification with 0.1 mL of 10 n H 2 SO 4 containing 10% (w/v) malonic acid, the fatty acids were extracted with 2 mL of chloroform, and the radioactivity associated with fatty acids was determined after evaporation of chloroform using a liquid scintillation counter.
To assay 3-ketoacyl-CoA synthase, 60 g of microsomal proteins was incubated for 15 min at 30°C under the same conditions as the stearoyl-CoA elongase assay except that NADH and NADPH were omitted. In these conditions (i.e. the absence of reducing agents), the product of the condensation reaction, 3-ketoeicoanoyl-CoA, was recovered as the methylketone, nonadecanone, which was extracted into the chloroform fraction, and the radioactivity associated with that fraction was determined by liquid scintillation counting.
To assay for 3-hydroxyacyl-CoA dehydrase, 60 g of microsomal proteins was incubated for 30 min at 30°C in the presence of 11.4 M [1-14 C]3-hydroxyeicosanoyl-CoA, 1 mm MgCl 2 , 2 mm DTT, and 3 mm Triton X-100. The reaction was stopped by the addition of 0.1 mL of 5 n KOH, and the reaction mixture was heated for 1 h at 70°C. After acidification, the fatty acids were extracted with chloroform and separated by TLC. The silica gel containing icosanoate was scraped from the TLC plate, and the radioactivity associated with this fraction was determined.
(E) 2,3 Enoyl-CoA reductase activity was measured by incubating 100 m NADPH, 1 mm MgCl 2 , 11.4 M [1-
14 C] (E)-2,3-eicosenoyl-CoA, 2 mm DTT, and 3 mm Triton X-100 in a 0.08 m HEPES (pH 7.2) buffer in a final volume of 0.1 mL for 30 min at 30°C. As with the elongase assay, the reaction was stopped by saponification, followed by acidification and extraction of the fatty acid product with chloroform. Following TLC fractionation, the radioactivity associated with icosanoate was determined.
Analysis of Elongation Products
Following the acyl-CoA elongase assay and the elongase component assays, the chloroform extracts that contained the products of the reactions were fractionated by TLC using 60F 254 plates (Merck, Whitehouse Station, NJ) developed with hexane:diethyl ether:acetic acid (75:25:1). The different components were identified by comparison with the R F of standards, and the radioactivity was quantified by autoradiography or by using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA).
Generation of Antibodies
The pR8 expression construct was generated by cloning the 0.8-kb partial gl8 cDNA from p88 m into the EcoRI and XhoI sites of the pET-30c (Novagen, Madison WI) in-frame with the expression cassette. The pCT expression construct was generated by PCR-amplifying a portion of the p88 m cDNA insert with the universal (5Ј-GTAAAACGAC-GGCCAGT-3Ј) and gl8e3 (5Ј-GTGGCGACAAAGCTTGC-ATCTATCAGGAAGTCT-3Ј) primers. Primer gl8e3 contains a sequence mismatch relative to the gl8 sequence that generates a HindIII restriction site in the amplified product, which then allowed the product to be cloned in-frame with the expression cassette of the pCT-30b expression vector (Novagen). Both constructs were transformed into BL21(DE3). Expression was induced by the addition of IPTG to a final concentration of 0.4 mm to exponentially growing cultures. pR8 and pCT fusion proteins accumulated as inclusion bodies. The proteins were solubilized with 6 m urea and were purified using Novagen His-Bind resin columns. Eluted proteins were dialyzed against a series of 1ϫ phosphate-buffered saline (170 mm NaCl, 6.2 mm KCl, 12.6 mm Na 2 HPO 4 , and 2.2 mm KH 2 PO 4 , pH 7.4) solutions containing decreasing concentrations of urea (4, 3, 2, 1, and 0.5 m), and finally against phosphate-buffered saline without urea (both proteins precipitated at 2 m urea). Protein precipitate suspensions were then injected into rabbits to generate polyclonal antibodies for each GL8 fusion protein. Rabbits were injected with approximately 0.5 mg of GL8 protein emulsified with Freund's Complete Adjuvant and were subsequently challenged with two additional injections of 0.5 mg of GL8 protein emulsified with Freund's Incomplete Adjuvant.
Affinity Purification of Antibodies
The resulting anti-GL8 sera were affinity purified (Sambrook et al., 1989) . The expressed GL8 protein from the pR8 construct was fractionated by SDS-PAGE and was transferred to nitrocellulose membranes. Sections of nitrocellulose membranes containing the expressed GL8 protein were excised and incubated in blocking solution (5% [w/v] bovine serum albumin, 0.05% [w/v] Tween 20, 500 mm NaCl, and 20 mm Tris-HCl, pH 7.5) for 1 h. These blots were then incubated for 8 h at 4°C in a 1:50 dilution of the antiserum derived from the pCT construct. The strip was then washed three times with blocking solution for 30 min. The affinity-purified antibodies were then eluted with a low pH buffer (0.1 m Gly, pH 2.7) and were immediately neutralized with 1 m sodium phosphate buffer (pH 7.7) to a final concentration of 50 mm. They were stored at 4°C in the presence of 0.02% (w/v) sodium azide.
IgG Preparation
Preimmune and anti-GL8 sera (1 mL) were loaded onto 1-mL columns of Protein-A Sepharose pre-equilibrated with a 0.1 m phosphate (pH 8.0) buffer. The columns were then washed with the same buffer, and the IgG fractions were eluted using a 0.1 m citrate (pH 4.0) buffer. The IgG fractions were precipitated with 30% (w/v) polyethylene glycol and were resuspended in the phosphate buffer.
Immunoblot Analyses
SDS-PAGE was conducted according to standard methods (Sambrook et al., 1989) . After SDS-PAGE, gels were stained with Coomassie Brilliant Blue R-250 or were electrophoretically transferred to nitrocellulose membranes in transfer buffer (48 mm Tris, pH 9.2, 39 mm Gly, and 20% [w/v] methanol) at 15 V for 40 min using a Trans-Blot Semi-Dry Electrophoretic Transfer Cell (Bio-Rad). Immunoblotting procedures were based on the manufacture's protocol (Hames and Rickwood, 1981) . In brief, blots were preincubated with blocking solution (5% [w/v] bovine serum albumin, 10 mm Tris, pH 8.0, and 150 mm NaCl) for 2 h at room temperature, followed by incubation with affinitypurified antibodies at the indicated dilutions for 1 to 3 h, washed with washing solution (10 mm Tris, pH 8.0, 150 mm NaCl, and 0.05% [w/v] Tween 20), and then incubated with anti-rabbit IgG alkaline phosphatase conjugate (Sigma, St. Louis) at a 1:30,000 dilution for 1 h. The blots were washed again with the washing solution and were incubated in the substrate mixture, 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium in alkaline phosphatase buffer (100 mm NaCl, 5 mm MgCl 2 , and 100 mm Tris, pH 9.5) until color developed (about 15 min). S-Tag western blotting was performed similarly. In brief, proteins were transferred from the SDS-PAGE gel to nitrocellulose membrane with transfer buffer (12 mm Tris, 96 mm Gly, pH 8.3, and 20% [w/v] methanol), incubated for 15 min at room temperature in Tris-buffered saline plus Tween 20 buffer (10 mm Tris, pH 8.0, 150 mm NaCl, and 0.1% [w/v] Tween 20) plus 1% (w/v) gelatin to block excess protein binding sites, S-protein alkaline phosphatase was added to a dilution of 1:5,000, and this was incubated for another 15 min at room temperature, washed with Tris-buffered saline plus Tween 20, and then treated as described above to allow color development.
